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Abstract 
The Damma glacier CZO is located in the central Alps in Switzerland and was established in particular to study the initial stages 
of weathering and soil formation. It consists of a partly glacierized catchment of about 10km2, and contains a soil 
chronosequence formed by the glacier retreat covering about 150 years. Intensive coordinated multidisciplinary research started 
in 2007, first in the framework of the swiss Project BigLink, which was followed by the EU-FP7 project SoilTrEC. In this 
contribution I briefly describe the Damma glacier CZO and review the main results of 8 years of research.  
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1. Introduction 
The last few years have seen an increasing interest of the scientific community in developing new approaches to 
the study of the Critical Zone (CZ). The CZ is defined as the thin veneer of our planet from the top of the canopy to 
the base of the groundwater, and is critical to mankind as it’s the zone supporting all life. One of the goals of CZ 
research is to establish a network of Critical Zone Observatories to study the dynamics of the CZ and to develop 
integrated models to forecast its evolution1-3. A central theme of the Critical Zone Observatories is that a 
multidisciplinary approach will lead towards a holistic understanding of the processes affecting and controlling the 
structure and evolution of the CZ. The Damma Glacier CZO is one of these initiatives, that started with the Project 
BigLink (Biosphere geosphere interactions: Linking weathering, soil formation and ecosystem evolution) that was 
funded by the Competence Center Environment and sustainability of the ETH Domain4, 5 which continued within the 
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EU- FP7 project SoilTrEC1, 2. The focus of the studies at the Damma CZO has been the initial stages of weathering 
and of soil formation. It was chosen because of the presence of a well-datable soil chronosequence of approximately 
150 years produced by the glacier retreat5. The goal was to carry out an integrated multidisciplinary study ranging 
from biology to mineralogy to geochemistry and hydrology, to better understand the factors controlling initial soil 
formation and ecosystem development. For this a sampling grid comprising 21 samples sites within the 
chronosequence and two reference sites were defined, and sampled by the different groups in order to obtain a 
consistent dataset for comparison and modeling (Figure 1). The site was chosen to study soil evolution because the 
entire studied watershed has the same granitic bedrock compositions, thus removing one potential driver of 
variability, variation in bedrock chemistry.  
 
A second goal of the Damma CZO was to produce budgets of water and elements in the watershed, for which a 
very good control of hydrology and meteorological parameters is fundamental. Therefore three meteorological 
stations were installed, one within the watershed and two outside (Figure 1) as well as one runoff station which was 
used to continuously measure runoff 6. Finally an important component of research was modeling. Initial efforts 
concentrated on the hydrology, and in the final phase of the project they are expanding also towards the main 
nutrients carbon nitrogen and phosphorus. In this paper, I briefly review the main results of the completed studies.  
 
1.1. The Damma Glacier CZO 
The Damma Glacier CZO (Figure 1) is located in the Central Alps, in the canton of Uri, Switzerland (46° 38′  N 
8° 27′  E) . The watershed is about 10 km2, ranges in altitude from 1940 to 3630 m, and is approximately 50% 
glacierized. The climate is alpine with a short vegetation period, an average yearly temperature of 1°C and 
precipitation of 2400mm7.  Most of the studies at the Damma CZO have been carried out along the soil 
chronosequence (inset in Figure 1) which is located at an altitude between 1950 and 2050 m above sea level, and 
was created by the receding glacier, which in 1850 reached to the bottom of the valley which is now occupied by the 
artificial Göscheneralp lake that was completed in 1962.  The soil chronosequence that could be precisely dated by 
the measured glacier movements (http://glaciology.ethz.ch/swiss-glaciers/glaciers/damma.html) and by the presence 
of two moraines left in 1928 and 1992 by two small glacier readvances5. Because of these re-advances the 
chronosequence is not complete but it is comprised of three groups of soil ages5. The soil chronosequence has been 
thoroughly studied from a geochemical, mineralogical and biological point of view. One challenge in the study of 
this site is the extreme heterogeneity of the glacier forefield, however the sampling grid used for the study of the 
chronosequence proved to be sufficient to properly characterize the time evolution of the ecosystem. 
 
Because of the relatively short time span covered by the soil chronosequence (150 years) only initial changes in 
soil formation processes can be studied because timescales of soil formation are much longer, of the order of 
millennia. This somewhat limits the research questions that can be approached at this CZO, as only some aspects of 
soil formation can be studied. On the other hand, the exposure of fresh rock to the atmosphere results in high process 
rates and allows observing reactions and processes that would otherwise be confounded if studied in old soils, as 
they would be hidden by their long and complex history.  
  
A better understanding of the hydrology of alpine catchments is important for the management of water 
resources, in particular for the planning and management of hydropower production, for flood protection and for 
irrigation. In addition, runoff amount and distribution influences the local ecology. The development and testing of 
hydrological models in glacierized regions, therefore, is important to forecast the hydrological response of these 
catchments under future climate change and to developing management scenarios. In addition, testing of these 
models in highly instrumented CZO’s provide an opportunity to test and improve the hydrological modules of the 
the more complex Critical Zone models that are currently developed in the framework of the SoilTrEC project1.  
 
The value of the monitoring program set up with a CZO can be increased if it can be linked to available data that 
allow upscaling to larger catchments and/or to longer timescales. Therefore, it is useful to link the data collected 
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within a CZO to existing regional climate data that can be used to model past changes in hydrology and for 
upscaling. For the Damma watershed, the extension to longer timescales was possible because of the availability of 
excellent long-term meteorological data from nearby stations provided by the Swiss meteorological services8, 9. 
Through a correlation between the measurements collected at the Damma CZO and other stations it was possible to 
reconstruct local climate back to the beginning of the 20th century9, 10 and use this reconstruction as input for 
modeling of the carbon accumulation in the soils11. The availability of climate reconstructions is fundamental to 
constrain the model parameters necessary for meaningful reconstructions and forward modeling of the evolution of 
the ecosystem along the chronosequence.  
 
An additional important aspect of the research at a CZO is that it should provide robust calibrations of models to 
be able to upscale from the few square kilometers of the CZO to much larger scales. A cooperation with the owners 
of the hydroelectric dam, which collects water form a much larger watershed, made it possible to verify the accuracy 
of the models upon upscaling 8 and evaluate the strengths and weaknesses of different models.  
 
  
 
Fig.1. Map of the Damma glacier CZO showing the location of the three meteorological stations and of the runoff/water sampling station on 
the Damma Reuss. The inset shows the location of the 24 soil sampling sites (red dots) along the 150-year soil chronosequence and the location 
of the piezometers (blue dots) used to study groundwater-stream interactions.  
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2. Summary of main results 
 
2.1 Soils and weathering processes 
 
The soils of the chronosequence are generally thin and can be classified as Hyperskelektic Leptosols ranging 
from Dystric close to the glacier to Eutric for those of about 150 years of age 12.  The soils are dominated by sand 
and silt with the fraction <2µm in the range 2-3% and never exceeding 6 %. It has to be kept in mind that the clay 
fraction is mainly composed of finely ground minerals from the granite, and does not contain newly formed clay 
minerals. Only in the soils older than 100 years the formation of small amounts of secondary chlorites5 has been 
observed. The common sampling of the soil chronosequence revealed a clear pattern of change in the biological 
parameters, mainly driven by the increasing carbon stocks in the soil, with a decrease in pH coupled to an increase 
in cation exchange capacity (CEC). The CEC increase was not due to the formation of minerals with a higher CEC 
than the unweathered parent material but rather to the increase in the organic carbon content of the soils 5. Statistical 
analysis supports the conclusion that biomass buildup is the main control on the changes in bulk soil parameters and 
many other measured parameters 5.  
 
The bulk chemical analysis of the soils did not show significant changes in the chemical composition of the soils 
along the chronosequence, something expected in such a short timescale. However, changes in water chemistry in 
the main stream13 and detailed studies in the soils14, 15 demonstrate the ongoing dissolution processes and that 
formation of weathering products at these timescales is minor, and mainly limited to Fe(III)-(hydr)oxides. Using 
temporal and spatial variations in water in stream water chemistry, combined with hydrological modeling, it was 
possible to show the clear influence of snow and glacier melt, whereas strontium isotopes allowed identification of 
an influence of sub-glacial weathering13. The results of this study also emphasize the need of sampling at different 
time resolutions (hourly to seasonal), in order to capture the sources of change in water chemistry and understand 
the variability. Such detailed understanding of the hydrologic controls on the chemical composition of the river 
water are imperative, even in a monolithological watershed, when calculating annual chemical weathering fluxes 
based on discrete samples. This also highlights the importance of long-term monitoring programs of a catchment.  
 
Different research groups have documented the influence of biological activity on mineral dissolution rates. 
Investigations into the effect of bacteria on dissolution rates of granite 16, 17 demonstrated increased dissolution rates 
related to a combination of oxalic acid production and pH decrease.  Some bacterial strains produced a significant 
amount of cyanide, possibly as a strategy to obtain an ecological advantage, possibly related to increased 
mobilization of nutrients16. A detailed study of fungi in the soils and rocks more recently exposed by the glacier 18 
revealed for the first time that fungi can also increase granite dissolution rates under these harsh environmental 
conditions using citrate as a means to increase nutrient mobilization.  
 
Detailed isotopes studies aiming at a better understanding of the mechanisms of dissolution and to establish the 
systematics of poorly known isotopic systems, were also carried out. Metal isotopes were investigated in parallel 
and associated projects. Iron isotopes investigations in plants from the forefield12, revealed significant fractionations 
in the plant system, but due to the small biomass at this site would not influence the Fe isotope composition of the 
soils. A coupled Fe isotope and Sychrotron-based FE-EXAFS spectroscopy15 revealed that newly formed Fe(III)-
(hydr)oxides have a depleted Fe isotope composition, compared to the bulk rock. Studies of calcium isotopes 
demonstrated that no significant fractionation of Ca isotopes occur during weathering19. Only plants and in general 
biological activity can produce significant fractionations, which were shown to be different for different plant 
species19. These observations imply that Ca isotopes during silicate weathering can only be significantly fractionated 
if secondary processes such as uptake by vegetation are important in the calcium budget. Mg isotope studies20 
showed that river waters have a lower δ26Mg than the bulk rocks and strong systematic seasonal variations. The 
causes of these variations are still poorly understood and further studies are required, in particular to determine the 
fractionation factors related to specific weathering processes20. Collectively, these studies highlight the potential of 
this CZO to study fundamental processes of isotope fractionation of new isotopic systems to constrain their use in 
global studies or in more complex soil systems.  
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2.2 Biology and nutrients. 
 
The evolution of the ecosystem has been studied from different standpoints. Molecular biology studies 21 showed 
that bacterial biomass increases along the chronosequence but diversity is already high at the initial stages of soil 
formation. Euryarchaeota were found to be predominant in young soils and Crenarchaeota were more abundant 
mainly in mature soils.  Fungi shifted from an Ascomycota-dominated community in young soils to a 
Basidiomycota-dominated community in old soils. Other detailed studies of the fungal community 22, 23 revealed that 
the structure of the ecto- and arbuscular mycorrhizal fungal communities was strongly influenced by the plant 
community,  whereas non mycorrhizal fungi were more influenced by soil developmental stage. Enzymatic activity 
also varied significantly among the rhizosphere of the different plants, possibly reflecting different strategies of 
nutrient acquisition.  
 
In such an initial ecosystem in a high mountain environment, nutrients availability, temperature variations, water 
availability, UV-radiation are factors that influence the productivity and the colonization by microorganisms and 
higher plants. To evaluate the effect of nutrient on the ecosystem evolution, incubation experiments with the 
addition of a labile carbon source and P and N to soil samples of different age were carried out to determine the 
limiting factors for bacterial growth 24. For the youngest soils, C and N co-limitation was found, whereas in older 
soils no C, N or P limitation could be clearly detected. Nitrogen sources and the activity of nitrogen cycling 
microbes were studied by Brankatschk et al.25 who showed that mineralization processes were an important driver of 
N turnover, whereas nitrogen isotope data11 showed that N deposition is probably the main source of N in this 
environment.  
The response of microbial communities to temperature and radiation in the earliest soils was studied by soil 
transplantation experiments from shaded to sunny locations and vice versa26, 27. These studies showed that exposure 
did influence the bacterial communities, and that communities with the smallest daily temperature variations were 
the most active. Surprisingly the data indicate that seasonal community changes are more pronounced than the 
temperature and moisture changes induced by the transplantation. These studies collectively indicate that temporal 
and seasonal fluctuations in microbial communities can be significant and that repeated seasonal sampling is 
necessary to capture the dynamics of the microbial populations. This highlights one of the difficulties in the study of 
biological processes, which is the large range of timescales that have to be considered ranging from seconds to 
hundreds of years.  
 
A different approach to study phosphorus dynamics was used by Tamburini and coworkers28 by using the oxygen 
isotope composition of different phosphate pools extracted from soils and the vegetation. This study showed that the 
dissolved phosphate pool has completely exchanged oxygen isotopes with the water even in the youngest soils. This 
demonstrates that phosphate is cycled through microorganisms before being released to the available dissolved pool 
even where microbial biomass is very low, revealing the important role of microbial activity in cycling of P in soils.  
 
Soil organic matter, in addition to the more traditional bulk characterization, has been also characterized from a 
molecular point of view11. The detailed study of the chronosequence revealed that the net ecosystem carbon balance 
showed an exponential increase over the last decades, with mean annual values ranging from 100 g C m-2 yr -1 in the 
youngest soils, to 300 g C m-2 yr -1 in the intermediate age soil (60-80 years).  The long term carbon buildup, on the 
other hand,  was in the range of 20 g C m-2 yr -1 which is a typical value found also in other glacier forefields11.  The 
difference between the long- and the short-term growth rates was attributed to the reductions in carbon production 
during periods of cooler climate in the past. These inferences were possible with the reconstruction of the effective 
temperature sums (ETS), a parameter that provides an approximation of the number of days where conditions are 
favorable to plant growth29.  This was only possible because of the available meteorological data collected during 
the project BigLink, the long term meteorological data from the Swiss meteorological services and the model to 
reconstruct climate and snow cover developed by Farinotti et al.10. This allowed us to determine that the ecosystem 
and, in particular primary productivity, rapidly reacted to climate change and that the understanding of the controls 
of carbon accumulation in the soils is only possible if appropriate climate reconstructions are available. Further, this 
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study shows that organic carbon stabilization by interaction with minerals surfaces only plays a minor role in this 
ecosystem.  Carbon dynamics have also been studied with the measurement of soil respiration rates 30 and with in 
situ experiments using labeled plant litter aiming at quantifying the proportion of carbon leached as dissolved 
organic carbon (DOC) compared to soil respiration 31. These studies showed that soil respiration is the dominant 
removal process and that DOC leaching is only small. 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2.3 Hydrology 
 
The hydrological characterization of the catchment has been a focus of different projects, which could make use 
of the abundant hydrological and meteorological data collected during the last 8 years. Using a combination of snow 
depth measurements, time-lapse photography and modeling, a method to infer snow accumulation distribution was 
developed11. A further important requirement for the modeling of the hydrology of such an alpine catchment is the 
understanding of groundwater-river exchanges. Towards this goal a set of piezometers was installed along the main 
stream (Figure 1), and using continuous measurements of stage temperature and conductivity, the exchange was 
quantified32, 33. Further experiments combining time-lapse electrical resistivity tomography, radon measurements 
and salt tracer experiments, allowed improvement of our understanding of water movement in the underground34.  
 
Runoff modeling was carried out with two different models ALPINE3D and PREVAH to evaluate their 
performance in modeling partially glacierized catchments6. In a further step, the same models were used in 
combination with future climate scenarios provided by different global climate models to evaluate the future 
evolution of the glacier extent and of runoff distribution during the year8 for the entire watershed draining to the 
Göscheneralp hydropower lake.  Due to the fact that the Göscheneralp Lake drains a catchment of about 95 km2  
(i.e. about 10 times that of the Damma CZO), this exercise was also a test to evaluate the upscaling performance of 
these two models. Verification of the upscaling was possible using the water balance data provided by the 
hydropower company managing the lake. The results of this study show that while the total amount of runoff in the 
catchment will probably not change significantly in the next century, its distribution will change significantly, with 
an earlier snow melt runoff peak and a second peak in late summer-early autumn mainly due to increased 
precipitation. These possible changes in runoff distribution will have implication for future water management 
plans.  
 
2.3 Outreach 
 
A climate audio trail “Gletscherblüte und Zeitreise” was developed in collaboration with myclimate and 
Wasserwelten Göschenen (http://www.wasserwelten.ch) to bring the results from BigLink and SoilTrEC Projects to 
a wider audience. The audio trail leads around the Göscheneralpsee and Damma glacial forefield, and has nine 
stations with audio clips. The audio trail was written as a dialogue and aims at promoting the awareness to climate 
and environmental change through the presentation of results from the different sub-disciplines of the projects. Two 
audio versions were prepared: one for adults and a second one for children above six years. The audio trail can be 
downloaded from myclimate’s audio adventure website http://www.myclimate-audio-
adventure.ch/goescheneralp/download/.  
 
3. Outlook 
 
The results summarized in this contribution demonstrate the value of integrated studies in CZO’s in 
understanding fundamental processes controlling the evolution of the critical zone. The collection of such an array 
of data is only possible by joining the efforts of many different specialties. The integration of data from the different 
disciplines is one of the added values of the CZO approach: for example, the reconstruction of the controls on 
carbon buildup and its relation to climate variations11, and the interpretation of the variations in river water 
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chemistry13 were  only possible due to the availability of the hydrological and climate data obtained from the 
hydrological studies. The value of CZO’s is also in providing the high data density that is necessary to validate 
models that can be used for upscaling to regions with limited data. There are still many remaining challenges, for 
example, a better integration of the different disciplines, in particular of the biological sciences. In addition, there is 
a strong need to develop models of different complexity to improve our ability to forecast the evolution of the 
critical zone, and to continue the efforts of international collaborations among the CZO’s. 
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